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Abstract

A]) a~tificial  i~ltcllit;clm a]qnoach  to ])la]minp; tllc robotic asscIIIbly
of large Wrahcdlal  truss  stmdurcs  is ] mscl]kxl.  1 lascd WI tlm cmn-
]mt,ational  formalism knowt as p?odvciion sysfkm, tlm a]q)~oacl) m-
])]oits thc~ sim])]icitj~ ald u])ifo]]nity  of t)w s}mpcs of the ])arts  ald the
regularity of their  illtclcc)llllcctio~)  to drastically rdum tlm rcquid
gco]nctric  masollillg co][qmtatio]l. ‘J’}m global daial)asc  consists of a
)mmgonal  grid rclnmc]ltatio]]  of tllc truss  st] uctum. ‘J ‘I]is rc]wcsm La-
ticm c.a])tuws  the ]nuhi])]c }Iicram}]ics i]] tctrahcdla] truss stmctum
a]id allows  a sul)slalltlial  mludion of the SWIM]]  s])acc witlmt s.ac]ific  -
i]]g collqdd,c]lm.  It allows t}m clmicc  of a l]icrawlly to he ]IIadc o]lly
wlm]  ncdd, tlms allowi]lg a  ]nom i]lforllwd  dmisio]l. ‘J’cstillg  tlm
])](!collclitic)]]s  of tlIC ]woductio]l  ] [lk:s is c{)]r]])lltatio]]t]ll~~  i]mqxvlsivc
l.mause tlm pattmd way ill wl~icll  t lm struts  avc! i]]tc]co]ll)cc.t,c(l  i s
i] )cor] )oratd i]ho t lm to]dogy of the hcxagol]  al !,rid rcq )YCSC] ltatio) 1. A
dimctcd  gra])ll rc]nmcv  Aatioll of asscl I My scquc]ms allows the mm of
Imtl] gra])h scare]] a]d backtracking cmhol  strategies. ‘J’lm cx(cnsion
o f  t]lc a])]m)ac)]  to ])]allllillg  IT!])air  scqllcllcc!s  is out,] illd,  A ])roto-
typc pla]llmr, ]Ia]ncd ‘Jfw’,  IIas bccv) iln])lclnc]hd  a]ld s u c c e s s f u l l y
gc]lcratcd  assmnl)ly  scqwliccs  for a st] UCLIIT  c ]I)adc of 102 struts.



J lntrodllctic)n

l’ig. 1 Sllmvs a tc!trah(![ll’al  tl’llss  St!l’u(:tlll”(!  Silllilal’ to tllos(! that, will 1.)(! 11s(!(1  iIl futul”(! S])ac(!

IIlissiolls  [1 4]. ‘J’lm ass(vnldy,  (Iisassmnl)ly  or ml)air of those latgc  tress strlldur(:s  r(:qllir(!s

c:imful  ~)lallllillg  ill 01(10 to p,uarallt(w  tha t  tllc ~)arts ale asscln})lc(l,  or disasscllll)lc(l, ill a

Corwctl a]d (’ffici(nltf  scqmm. ‘1’llis l)lallni)lg  is ]]w(I(xI  r(:gadk!ss  of wll(!tll(!r  t,l]c  assmnl)ly

is {!x(mltc(l ly lmTna  IIs or by wlmts.

1 lccaus(! of tl)c si~m al](l cornl)l(!xity of t llcs(:  t 1(1ss st rllct 111(:s,  (nc]] tlaili(!(l  l]ll]llal]s  lnay

fail to dd(ct (lc(I(l-cI1(l  S(YIUC]ICCS  uT]til a lot of woI k l]as 1)(IUI (Io]lc a~)(l it, is foll)l(]  that t,h(!

mwall  ass(vnl)ly  cal]lmtl  h col[]ljlctc(l.  11] t 11(: case of a mlmil  ill wllicll  a faulty  strut is to

I)(: w~)]acc(l,  all ill-l)lalllw(l  disasscllll)ly  S(I(IUC]](P Inay l(I:i(l  to all ilwl)alal)lc collalm of tl](:

WI]()](! tl’llss  S(l’llc!tllll”(’.

111 additio~l  t o  tl](; (liflicult,y  l]lllI]aI)s  IIalrc il) guara])twi]]g  m)rrmt]lcxs  ill II](! ])lan])i]lg

])rmws,  t})(!y oftm fail to IIdicc wllicll  ~msi})ilities  for t}]c sulu(:l]cw  arc tlw  IIlOStl  cfficicllt.

‘J’llis  (Iifliculty  is fllr[,llcl  ag~,ravatc(l  l)y collst,allt,  cllall:,(s ill tllc ln(:aslllc of tjllc c~licic!l]cy  of

t!}l(! ass[!?lll)ly  Sc!(]u[!llc(!. 1’01 cxallll)lc,  tlw cflici(lq  lnay lW lrwsuml  Iy t}lc total t i m e  i t

takes to Colrll)lct(:  tll(:  assclnhly ill 011(:  case, all(l Iry tltc total  (,llclp,y  ill allotllcr  case.

Nlomn’(:r,  hllnams  ty))ically am slow in g,(!) mat in:, ass(:]lll)ly  scquc]lcm. ‘J’lwl(!  arc lrlalry

sit,llat, iolm ill wllicl]  t}](: scqllcll(y:  l)la)lllill~,  lnllst  also 1)(:  cx~)(:(litious. S] )C(!(l i11 S(!(]ll(!I  ICC

p,cll(’ratiolt  is lxirticlllally  ilrl~x)rtja?lt,  ill tll(: case of a lclmir  ill w]licll a falllty  str(lt is to

1)(: ICl)]ac(d.  11, i s  virtllally  ill)j)ossil)l(!  to ljwl)lall  fol cncIy col]c(!iwll)l(!  lcl)ail  tl)at ltlay l)c

l]d(d. Slxd  ill s(:qucl]cc g(:llclati(m is also ilnl)ol  t aTIt  ill tll(! (Icsip,ll of t,llc tr(lss  st,lllct.llws

l.wcallsc  it allows the difliclllt,y  of assclrll)ly  to lx: c(nlsi(lwx] in tl]c dcsi~ll  l)mccss.  A (lcsignc~

]tlay also wal]t to take illt  o acco~lllt  III(: diflic~llty  of w~)ailillp,  (liflt:)(,~lt  st,l(lctur(!s.

‘J’llis  lmlM ~)r(!scl)ts  an ar~ificial  illt(!lligcllcc  al)l)loacli  to I)lall)lillg  t,}lc! ass(!l[ll)ly  of large

t(~tralw(llal  truss str~xtur(!s  Imsc(l (H] t  11(! coln~)ut,at  iollal  fmrlalisln know]] as ))?d~ici.iml

sysknll. ‘J’hc al)l)macl) cxl)loits tl)c sillll)licitj~  ald ur)ifor]nity of tlw sl)alx!s  of tll(! l)arts  all(l

tlw I (g(llarity  of tlwir  illtclcol]llc(:tioll”  to (Irastical]y m(lllcc  tl)c r(:quiml  g(x))rlct,ric  I casol~illp,

(:ol[ll)llt~itioll.”  11] a(l(litioll, tl](!  al)l)loacl)  ms(w a IIlllltilli(’l:il(:l]ic:il  )(’l)lcscllt:itiolt that, allows

a slll)stjalltial  mluct)iol] of tlw s(mwl) slmcc!  witlmut  sacrificing C{)lt]])l(!tj(:])(!ss.

‘J’])(!  rol)ot,ic  ass(:IIIl)ly facility of t,l]c ATASA 1,al~glcy  l{cscamll ~k:llt(:r  [14 ,  17] l]as lxY!])

usd as tllc mfcmlw sccllario. l“ig. 2 SI]OWS t]lat,  f a c i l i t y  ill sclmnat,  ic for]n. ‘J1lw robot

alln  is lnoul)td  o]) a l)asc! wl]ich is IIJolll]tc(l  o]] a cal I ia~,(! that call I,ral)slat(!  along OIJC
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l“igur(!  1: ‘J’(!trall(!(lral  tl’uss St,l”uctllll’c.

.

dirmtiol).  ‘J’]](: IJas(:  W]WC tl]c! dint,  is ]ImuIMd  CaTI t,ra]datc  along  a (]ir(’ct,ioll  or[,]mgmlal

to tl]c Carriag(:  t,rallslatiol)s, ‘J’]) (xc t,}irc) IIjot,iol]s”  al]OW I,]](:  ])osit  ionill~,  of t]]c m])ot, ar~ll ill

a Car@i al 1 Coordill  ate: systo  n. ‘J1l  IC: truss  st,rllct  ure is ~I]oll]It,(!cl  o]) a l)asc! t]lat  ca]t rotate!.

If IIwx!ssary,  lwfmc! a St)mi is assc~l]l)lc(l,  11)[! st] uctuw is tuHml alI(l  boil) il](! l)as(! of t,ltc

rol)d ar]n al](l  t,l](!  carriaf,c  al(! tral]slat(xl.

‘J’llc! asscIJIldy l)MWSS col}sist,s  of a succcssim)  of tasks, cad)  of wllic]l  is tl)c ad(litiml of

o])(: slmt. ‘J’])(:  ]mc(!ss  starts wit]) all shuts stolc(l  i)] ~)all(:ts  tliat arc s(ackc(]  0]1 the sarn[!

l)asc WIWC! tl)e ml)ot  arIn is ]r)oll]lt(!(l. ‘J’])(!  ass(!ll)l)ly  ])rm(:ss  c]](1s with all S ( ,I ut,s  ~)mpcrly

joil)d  {0 forln tl](! wlmlc stIuctuw ld(:ally,  a f t  0 slmts  lla~c! I.)wJ1 a(ldd,  tlwy am ))c)t

rmtmw(l  ulltlil the c])(I of tlm assmnl)ly  ])rocms.

A]] assmnl)ly task is said to I)(: fcasibl(:  if (lmc is a collisioll-fm!  IMtlI  to IH i~l{: tl]c stint,

to its lmsitiml  ill tll(! stmctulc!  fmrl a situati(nl  ill wllicll it is far a~mlt, al)d if it is ~msil)lc

to lock tl)c joillt,s tl)at, attach tl]c strut, to its ]Io(l(:s. Of coumc, tllc I)atll SIIOU1(l also avoid

collisions lmtfwccl]  tlic wlmt alIn or tlw m] riap,e arl(l tllo t 1(]ss  st mctuw.

2 1 hckgrcmnd

Most, I)rcvimls  work on a.wu)ll)ly  scqumw ~)la~ll]i~)p,  [1, 2, 4, 5, 6, i’, 8, 9, 15, 19, 20] focusd

c)]] clcct~()~llccl]a~]ical  ald clcchcnlic dcviccs SUCI1 as gearboxes, alt,cr~]ators,  a]l(l disk drives.
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‘1’l]c difficulty ill l)la~llli~lg  (}](! asscIr Il)ly  SC(]l]CI1(:(:  for t,ll(w  l)l(x1(]c(s  sfc]ns, i~l SOIIIC:  (I(:gr(!c,

fmn t 1](! variety of ~)art sl}alws  ald fmlil tlw lack of wgularity ill tll(! way t 1](! ~)i(!cm am int(!r-

c(n)lmtc(l.  ‘J’() ovmcolnc  tliis (Ii fliculty,  ~)m’imw a~)lmmclm  US(I(1 clalmratt:  lc])l(~scl]tati[)lls

o f  )nccllallic:il  assmnl)lics  al](l colfll)l(x  g(wln(:tr’ic ald sylrll)olic  ]wsol)i])p,  tdl]liqum.

Almthcr  difficulty  ill tlK: auto] l]atiul of asscIIIl)l-y  SC(]WIICC ])lall]]i]l~,  for cl(:ct]{)]tlccllal)i-

ml a]d dmtm)ic dcvicm  crones flol)l tlIc fast  F,mvtl]  ill tlw Ic(l\lilc(l  colrl~mtatiol)  with tlm

i]wwase  i]] tlIC ]Iu]nl.rcl d ]mr(js.  1 ‘wvious a])] )]oadm  lIa\’c  ovcwHfIc tl]is  IHol)lc]n  Iy clus-

Wing  coll)~mlm)ts ilM sulmsscllll)lics  [9], tlwcly artificially mducill~,  the IIUIIIIU  of ])a]k.

Ma]Iy ]a]g,(! l)m(lucts  IIaw! ]Iatuml  sulmssc]l]l)lics  that  aI isc as a M:slllt  of II IOdIllaI  d(xip,]l  as

wdl as of ]I][il)l]factl]]il]g  adval Itagcs. Clmtuillg  COIJIIK)IIUItS  i~lto sulmssorll)li(:s sacrifices

mlIIl)lct(:lIms  si]]cc scqlwl  Icm tlIat)  il)t(!lleave  tlIc assolll)ly  of ]mrts of difi”cnwit  sul)assmnl)lim

calt not, 1)(: p,(v Icwitd. 1 lut for Inostl large ])loducts  this 10ss of co]]l])lc!tj(!l)css  is ]Iot a swims

li]rritatiml  I.mcaus(:  tl]osc ]Iat(]lal slll):issc’]r]l)li(:s  alc ass(:~r]l)ld i]]dc])c])dcrltly  anyway. II I

]nacticc,  a l)ic)trd)ical ]nod(Il of t,l Ic ass(:lrll)lj~  is usd to ilrl])lcll](!l]t  t,l Ic clustmi]]g  of ]mrt,s.

At the IIip,lmt kw], cad SU}MISSW  r]l)ly  is tmatd  as a jMIt.

Casolmd msolli]lg  lIas lmlI lISWI  IWCIItly  [1 1 ,  12] ald sumwsfull-y gc]matd  ])la]]s

Iy ming, a datal.)a.w  of ])mviollsly  solved ca,ws to SOIW a silr]ila)  IICW ])mblcln.

1 )(x])it(! the mcmt ]mogmss in ass(nnl)ly ])lanning, it, is still i]n]wacticabk  to usc misting
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]Jlall)ms to gcIIc.I:itc  al I asscllll)ly  scqIIclIcc  for assc]tl})li(!s  colltaillillg  a lalgc  IIUlIIlm  o f

~MYt,s, SUC}I as t,}w st,mctul(!  S1)OWI  i]) l:ip,. 1, wl]ic})  is )I)adc  of 102 struts, lwcauso of t,}Ic

Cxnr)])]cxity  of t}hc rcasollilip,  irnwlwd  al~d tlIc lalge  size of tl]c solutiol] s])[icc.

()]Ic way to rcducc  I}l(!cc)lll])lltatiol),  NIllmI ])lallllilg  tlIc asscInl)ly of tct,ra}]dral truss

strllctllms,  is to cluster t}]c si, rllts  il]to  slllmsselnl)liw. A  t,l”llSS StI’UCt,llMl  Slld]  aS t]l(! {)11(!

slmwl  I ill I’ig. 1 call bc vicmd as  tlw cmn]msitjion  o f  Wrallcdral aIId ]mlfa}ld]al  ut]it,s,

lnllclI  like a solid that  has a co]rI])lm slIalw CaII lm iwat, d as t,llc co)n])mitio]i  of siln~)l(!

sol ids  that, l~avc! faces i]] co~lt:ict,  olwagai]]st  tlwot}lcl..  ‘J’woa(ljacc]lt  ul]its sl]:irct,l)c struts

all(l l)o(lcs  o f  t,ll(~ir ‘~colltactillg” fac(!s.  lb] cxa]IIl)lc, tlw s]ilall truss  stmctur(! slimv])  ill

l“ig. 3a can }.)cl(!F,al(lc(l  as tllccolrll)ositic)ll”  of tllct\40  lwlIt,a}Ic(lIal  llr)it,ssllowr)  ill IJi?,. 31).

‘J’lmsc two lmnta}ml~o)ls  ]I:iw  0110 f a c e “ill co]]tact’) a]]d tlmy slIa Ic t,llc struts  aIKl ]Icdcs

of that face. Silnilarly,  t}Ic structure  slmwll  ilI l“ig. 1  call lm vimd as a colll]msitim)  of

tctralmlra]  and  ]mltallcdral ul)its with faces “ill cc)l)t,act.” Silm ill ]macticcit,  is ])rcfcrlc(l

10 fillisll  1,1](: asscll)l)ly  of 01)(!  Illlit,  lwfow l)cg,illllillg,  tllc! ass(:]l]l)ly  of allotl]m  [13], vicwill:,

tlw stjmctum  as a colll}msitiol]  of u]lits  slimkl  Id lK: a ]MOI)lCIII  i]) tl]c :issmnl)ly  scqmIIcc

])lalll]i]]g,

O]Ic ]ml)lun wit]) Usil)?, a l]imil  cllical  a])] )ro:ic]l  for ])lall])i]lg  tlw  assc]l]l)ly  of tctralmlra]

tl’llsss t,] ’llctlll’cs  is t]mt  t]lcl’c! al’cs(!~’(’[:i]  \\':) j'stc)c  lllstcItl ]cst]\]tsi])t,  ()tl)()s(:ki]](  lsc)f u~lit.

l“mcxaln])lc,  in

wl]ic]]  the slnal]

addit,  ion to the suldivisioli  s]mvtl  ill 1~’i?,. 3b, tlmc ale two otl]m ways i])

truss  structure  slIowlI ill l~ig, 3acal] be subd iv ided  iI]totwo JmIltahdral

4
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l“igtlm  4: ‘1’wo  addi(imlal  suldivisio]ls  oft,lIc  slIlall  tress stmcturc  (1{’ig. 3a) into two ]mII-
ta]Id HIl ul]its.
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3 l’lanning the a s s e m b l y  Of’ tdrahdral

truss Structllr{!s

‘J’l)ecolIll)lltatic)Ilal  fo)lnalisln  klmwl  as ]Jlcxluction  systcIJI  []()] lIas IWCI) used for t])c au-

toll]atic  gclmatim)  of assclI1l)ly  scqumccs  fol tctrahdra]  tress stmctuws. ‘J1lKW  aIC tlIIw

lnaj(n’  (hImIts  ill a ])roductlio]l  systmfi: tlIe glol)a]  dat,ahasq tll(! S(!t! of ])ro(luct!ioll”  1’111(!s,

ald t]lc! CWIlt  I’01  SC] IC!IIK!. ‘J’llisscctim] (lcscIil)cst  l)csc!t  l)~(!ec:l clIjcllts,  olltliIlcstl  lc{!xtc]lsic)~l

oft}lcal)l)loacll” to ]JaII l(:])ailsc(lll(:llc{!s,  aid (licllss(:stl](:lllaill  as]wtsof  a ~)lc)totjyl)ctllat

IIashn ilI]J)lcI~l(:lltccl.
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11’iguM!  6: A sulwt  of tlw stIuctur(!  SIIOW]l  ill l~ig. 1.

3.1 A  l]l~llt,il~ic!ra~’cl-lic:~l  ].c])~cselli:liic)l] of
tc!tr:lhcxll’al truss Stjruc.t)llrc!

‘J1lw rc]mescl  Itatioll 10 l.w i]d I oduml  IIcxt,  is l)as(d 011 vi(nvil)g,  t ctmhcdmns  and oct all(!dlws

as tlw l.nli](lillg  l)locks of a id m}mlml t mss  stmct u](I. A lmtta]wdm]t  will lx! cmlsidcml  to

IW a lmildil)g block o~)ly wlm) it is ]lot  c~nlxddd  ill all-y octalldlml. As it will lmmm clmr

ld(nv  (after l“ig.  .q), l)C1lt,a]IC(llOIIS  IIot, ~{)lltaill(,(]  ill ally oct ah(:(lm]]  occur  at tjllc  pcri]hmy

of a stmc( um. l“ig. (i SIIOWS  a sulwt of tlw st]uctuw (lcl)ict(d  i]) 11’ig.  1, aIKl l“ig.  7 sllmvs

its l.)llikli]]g  l)locks.

As discussed alm’c, I IXW am six (I] IIIw(l(lc(l  ]md a}lc!(lmlls  ill al] octalldml.  ‘1’11(:  nodes

o f  tlw  octahc(lm])  sh(nvII  ill l“if,. :+a }Iaw! 1.X!(!II JIUII)k!l’(!(]  l)y allalof>y  with  the JI1lII1l)(!l’S in

a clock facw. ‘J’hc  cmlddd ]Ma]wdl  011S aIc mfm’(] to ])y t]l(: ]c!tt(n’ ‘(l ‘“ foll[)\YC’(1  l)y tll(!

l]ll]nlm  of 11](!  vcltcx co)lcs])c))l(lillf,  to tllcil  a im. ‘I)llcwf(ne,  tl]c ]xntalldmlls  sIIOWII ill

l~ig. 31) am r(!fcmd to as 1’12 (to])) all(l  1 ‘(i (Imt toll)); tllc ]wllt  a}ldmlls  show]] ill l’ig. 4a aw

mfcm:(l  to as 1‘8 (Ic!ftl)  ald 1‘2 (rig,llt);  all(l  the ])cl)t,al)(,(llc)lls  SIKW]I ill l’ip,. 41) al’(! l’(!f(!m!(l

to as 1’1 () (left)  ald 1’4 (Ii~,l]tf).

l~ig. W s}lows a co(mlillat(! flalrw associat,c(l witl) a]] octah(dml, ‘J’hc X?I I)lal]c! colttains

I] O(]CS 2, G, and 10. ‘J’])(!  z axis ]willts  ollt of t,hc fi~,~lr(!, that is, ]]o(lcs  4, 8, ald 12 have

]mitiw! 2 coordinate. ‘J’lm octalmlmns  ill a tI uss structure  arc all ])a] a n d  to cacl]  other.

‘J ‘Ilcwfow, tl~c t rallsfomlat  im) lwt]i’(:(:]]  t I]c coodil)at,  c fra~nc!s  of two octal] c(lro]ls  is a l)UIC

t,ranslatiol),
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SOIIK:  tc:t,IalIc:(lIc) IIs lIavc  tlIIx!c  lIodcs 011 1,1 Ic! tol) ])laIIc! aTId OIIC node o]) t,h[!  l)ol,torII  ])la])c.

‘J’lICSC  arc! r(!fcmd  to as ft:frclll~:~lro?  l-(]otl)rl, l)ccaIIsc (Itc!-y CaII l)c vic~w(l  as a ])yra~nid ])oillt,i))[;

(low]). ‘] ’1)(! otlI(!r  tctraldrmls,  wllicll  lIavc  tlIrcc IIWICS  011 tlIC l)ot,t,oIJI  ])laIIc and OIIC IIOdC

011 tllc! to]) ])lallc , arc! mfo red to as iclr~]}~  cdI’r171-  uf). l~ig. 8 SIIOWS tlIc! coordinate fHIInes

associated wit])  car]) ty])c of tc:tfll:ltlc(ltc)~l. ‘J’11(1.  2  a x i s  ])c)iIits  out of tl)c figure.  ‘J’}lc  x?) J)lan(:

col)tail)s  lmlcs 1, ‘2, ald 3 ill tjlw caw! of tc:tJII}Ic{llc)II-11])  (Ng. 81)), al)d oIIly IIOdC! 4 in the c,asc

of tc!t~allc(llc)~l-  C1OIVII (l’’if,. 8a). All tct,]:llic(l~()]]s-tl~)  jII a t, I uss s(,rudurc  arc ~)a Iallcl  to cacl I

oth(!r,  ald all Id lal)c(llolls-(lo~i~))  am ])aI alk!l  to UICII otlm. ‘1’lmcforc,  t}Ic t)allsfc)lIr~atioll

I)(!tlv(!(!ll  tlIc coordil)atc  f] aIIICS  of two t ctl:lll((llc)~)s-~1])  (or tivo t (!tI:i}IcclIc)IIs-  (lc)Ii711)  is a ])uN:

traltslation.

A  tctral~cdral  truss strmt  um call lx  rc])rc,scl]td  I)y  a ~,1 al)l  I il) w h i c h  tlw vuticcs  coI-

1 cs])ol Id to volulr]ct,ric  uliits,  and  tlIc  c(lgcs  coIr(!s]K)IId  to “face-cotltacts” l)ct,wcclI adjacok

r) S]lOWS a gla])]) ~~])l~s(,l)t,:lt,i[)ll  for (,1 Ic 1 (L2-strut  truss structure show]]  in Irif,. 1.Il?]its. l“ig. .

‘J’]](!  p,mTnct,Iy of t,llis ,gIa])ll ]mrallcls t,l)at, Of t]l(!  t,mss S(,I uct,llw. 1 Wamc of tlt(! mgularit,y

of tlIc s t ruc tu res ,  their g,ra])l)  le]))cscr]t,:it,ioll  collstit,utc a hcxagw)al  grid. III additiol),  tllc

hcxagolal  g,rid call l)c lr]a])~)c!d il)to a rc!ct,allglllfir  grid .3.s slIo\vlI  i)l 1~’ig.  .,q ~~rllCIC t,lIc lil)cs  aml

C.olulrll)s  am lalwld wit]i t}mil illdiccs,  l~}lltll(!rlrlol(!,  a coordil)atc!  fraln(! call l)c a s soc ia ted
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l“igurc!  9: GIa]JII rqJrcscIIt at ion for a t c!tI al Icd Ial truss  structur(!  wit])  102 s truts  and its
lm]q)ill,g  i})to a wctal)p,ular  grid.

(Iilrlcl)siol)al  array  dala structul(!o III addition, tl)c col)tact,s  lwtlw(!(nl  llnits that sl]ar(! only

01)(: strut, (w o]]l-y 0]](! rmlc,  atu also iln])]icit  l y  clm(lc(l il]to tlm al )ay. lk)r cxaln~)lc,  a

tctl:)llc(llc)lI-11])  at wII (i , j) ( i . e .  liIIc i , CO IUIIIII j) slIam  OIK!  st] ut w i t h  t h e  tctrahcdml-

dowII at, ccl] (i -1 2 , j), aIIotl IcI s(mt \vitll tlIc tctI[ill(!clIc)  ll-(l{J~\’11  at cd] (i - 1 , ,j - 1 ), and

allotllcr  strut, wit,]]  tl)(!  t,ctIallc)(llo]l-(lo\\~ll”  at, ccl]  (i - I , j -I 1 ). As :illotllcr (:xa]I]I)lc,  al]

octalw(lrwl  at w]] (7’ ,  j) sllarcs  OIIC IIodc  wit]l  tlIc tctraljdro]l  a t  CC1l (i -1 2, j -  2 ) .

It, sl](ml(l lx! ]x)il)t,c(l out, that l~ig.  . ,q s]l[)~~rs  O]](! ~Il(l~)l)i~lg  fmlll  the gra])l]  ml)] csclltatioll  of

Mralmlral truss structul e, wl]icl)  is a }Icx:iF,oIIal  grid, il]to a q~la(lrat,ic  gI id. ‘J1hc quadratic

grid SIIOWII  ill l“i~,. 9 IIas tlw advalda[;c  of lmillg rcctallF,ulaY,  lmtl it lcaws Inally  mn])ty  calls.

11] a colnl)lltcr  ill)~~lc]ll(’Iltatic)l],  if t,llc awiilal)lc!  storag(!  sl)acc is scamc, it is straig$tfo]  \vad

10
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( a ) ( h ) ( c ) ((1) ((!) ( f )

11’igurc! 10: ‘J’llc:  six{Jric:llt,at,  ic)I]si]~  wl]ic}l  llalf-llcxa~,ollsll  )ayt)cclll:  (a) 1’2; (1)) 1’4; (c) 1’6;
((1) 1’8; ((!) 1’10; (f) 1’1’2.
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]{’igu?w  12: A ]illcar tctra]dra]  tnlss stmctllrc.
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l“ig(llc  13: ‘J’lK!  ~,1 a])ll  l’(!])MW’Ilt  at  ioJl  of tll(! li]lcar  t et l’allc(ll’al  l)(!aIrl  slm\vll  ill log. 1 2 .

3 . 2  (;ollt!l’ol Stll’atcgy

Smwal IIlctl}ociolc)gics”  for K]JKwIII  iIlg assm]ll)ly  scqumms  l)al’c  bWII ut ilizd [ 8 ] ,  including

l(:])]cscl)tat,ic)lls  l)asul  0 1 1  dilcctd  ~,]:i])lls  al]d ,4xlJ/01{ p,)a])lls.

As ~nellt,iol]d i]} Scct,io I1 3, it is ])lcfcl  d to co]l)])lc!t  c t,l]c  assmrll)ly  of a tetrahedral

or ~wldall(!dral  unit lwforc!  bcgillllil)g  tllc asscl]ll)ly o f  allot})cr  unit [1 3 ] .  ‘J’}lcmforc!,  Ill]c

ass(!lrll)l~~  task  call 1)(! ddi]wd as tlw :issm]ll)ly  o f  O]IC l[!t,ral  Ic(lroII o r  OII(! ])(IIIt[IIIc(l  Ic)II.

ITI this ddil)itio~), cac]l a.wc]nl)ly  task cmisists of a scquc  IIcc of s~ll)tasks,  each lwi~]g  tlw

asswlll)ly  of O]lc  st!I’lltl.

Sil)cc! cac}) assclnl.jly  task is t,l)c a<l[]itioll  of exactly O]]C \wlulnctric  ul)it, l)otll  tl]c dilc!ctwl

gra])ll  al)d tl)c ANl)/ol{ gIa~)lI w i l l  IIavc tl]c  NIII)C si7,c. ‘IIIK! diIcclcd  gm~)h  lc!])lc!sc:llt,atiO1l

l)as Imv] usd in this  work lmame it is  si)nl)lcr  and easiw  to undwstald  and i~r-]]hncllt,

12
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l“iguw 14: A ]mtioll  d tlKI  diwct,(!d p,l’a])ll of ass(!lrlbly  S(!(]llcnccs, which is also  SIK)WII in

l~ip,.  15. ‘J’IIc  wvticcs  haw! l.m]t l:il )( IIc(I lry tlI(! to]) vim o f  tlm ]mrlia] truss stmctuw  a t
Cacl] State of t 11(! asscllll)ly  ])1’OCCSS.

‘J’l Ic w!]ticcs  i]) this dircctwl  gI,ra])l  I coIrcs)m  II(l to tllc states  of  tlIC assan}.)ly  ]) IWCSS,  whicl]

call lm cl)alackvizwl  lrj tlIc dmcli])t  io~l of t II(! sul)st)  uctuw already  asscl IIl)lcd.  ‘1’lw c+,cs

ill tl]is  (Iimctd gral)l) w])l(!sc.l]t t 1)(:  assc]nl)ly  tasks,  (mcll  cc)llcs])oll(lillg  h the addition of

olw wlum(tric  ul]it.

l’i~,s.  14 and 15 show a ]mltio)l of tlIc dimckd  gIa])h of asscml)]y  scqucnccs.  in Fig. 14,

L]](: \r(!lticcs  ha~rc I)C(III  lalwle(l  by t]]{! to~~ view of t llc lmrt,ial  t] [1ss st,mct,ul(!  at, cacl]  st,at,(!

of tll(! WH’ml)]y ])1’UK!SS. ‘J’l]is laldi~lg  is lwtt(’r for (lis~)layillg  tl)c! ass(vnl)ly s(qucmw for

]IUII”IaIIS.  III IJig. 1 5  t]lc  vcrtims  ]Ia\’c  l)CCT1 lal)c]cd  lry t]Ic  gra])]l  lc]JIc!sclltatic)li  o f  t,]]c  ]Jartial

truss stl uctur(!  at caclI  state of  1 IIC .assmIIl)ly  l)IOCCSS. ‘J’llis  lalwlillg,  wflwts IImW closd-y I,IIC

colrl])ut  o illtcn)al  rc])mscllt  at io)l of tllc asscIIIl)ly  scqwvms.  111 M,}] figuws,  tl}lc  vcl’tjo at

tlIc to]) com!s]mIds to a s t a t e  ill wllicll  OIIC octahdm) ald Lww tctrahdmls  arc already

assc)l)l)]d.  ‘1 ‘]IC two ~’mt,iccs ill t,]lc  II)id(l]c coI’I’es]K)IIds  to stat (!s ill ~vllich  all a d d i t i o n a l

]mdalwlml is alwady asscl]ll)lc(l.  III tllc left, vmlcx  the a(l(liti(nlal  ]mlta}mlml  is 1’10, all(l

ill t,l]c ligllt,  vutcx  t IIC addit,iollal  ]wIII al)cdw~l  is 1 ‘8. ‘J’IIc WI(CX at tl]c l.mttol[)  COHCS])C)IICIS

to a state ill wllicl)  two octalldwls  slid two tctralmlmls  arc already  assmnblcd.

IJig,s.  14 al)d 15 also il]ust rate tllIC  advantap,c of using tlIc Ir)lllli}liclalc  llical  lc])Icscllt,atic)I)

13
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l~i~. 14.  ‘1’hc iwticcs  have lmm ]aldd lry the gra])ll  ]c])l(!sc]ltatic)]]  of  the ])artial  truss

st, nld llIc  at, cacl I staic  of t II(! assclrlljly  }11 (Kws.

of tctra}dral  truss structures i]lt  dud i]) Scctio]l  3.1. ]Iccausc  tlIc l)uil(]il]g  })locks  am

t(!tla}]c(llolls  and  octalxdmls,  it i s  ]msil)lc  to g,mmat(! scqwwcs tlIat US(! (Iifl’(mlt,  sets

of ]Jcl]tall(’(llc)lls  as assclrll)ly  tasks. As  ]milltd  011(, almw, the additional j)(~lltal](!cllc)]l  ill

tlw l e f t  lniddlc  votm is IIot tlI(: solnc as tl]c OIK!  iIl tlIc  right lniddlc  vmtcx.  IIy usi]]g  tlm

I(!] NW ltation  011 IJi?,. {), t,]l~ t]l~c(! ])ossil)i]j{,i(yi ill wllicl]  a]) octaldmll  call I)(: suldividd

call l)c collsi(lmd.  II) tlic scclla]io dcsmild  ill $kction 1, tllc two  ]mssil)i]itics  cc)Ilcs])c)ll(lil]p,

to tllc  s u b d i v i s i o n  o f  tlKI  rip,htj octalIdIoII  ilk{) 1’6 ald 1’12  aIc!  IIOt  col~sidcml  valid.  If  tlw

stmctulc  lIad lmII vicwd  a.< a cmn]msit  ion o f  ])(’l)tallc(llol)s  ald td laklmls,  oIIly  ~)m

altmlativc  wollld  lx: co]isidel  cd.

IMI msml)ly  scqucmc comsjwnds to  a  ])atll  i]) tlIc dimtd ~,ra])l] o f  asscIIIl)ly  sc-

qImIccs,  starting, in the vertex  that IIas lIo Ialx:l (i.e., 110 strut has Imm assmIlldcd) al)d

(! Ildillg in tll(!  \J(!I’tCX tllal  is lal)clc(l  I)y  tile WIK)l(! t] [1SS  St l’uctlll’(!  ((!. $> tlI[! StnlCtJUIC SIIOWII if

]“i/,. I) . 
I )-y col~stl~lctioll,”  t IIC dim:twl CI a])h of assonl)ly  s(qu(:IIccs  lIas 110  CYCIC!. A Irwisum

that  rdlcctjs the quality of all a+wn]l)ly  scqwm  can I)c colI)l)utc(l  I)y assignil)g  costs to i})c

vcr(iccs  (i.(!.,  tlm statm of tlw assc]nl)ly  ])roccss) and to tjllc  dgcs  (i.e., t IW assc]nl)l-j  tasks).

14



‘J’lIc cost, of a ])at]l  p cal)  be dcfid rccursivc]y as:

WIKW s!, is t,l]c  initial wrtcx (state) of p, f,~, is the i~litial  wlgc (task) of p, aIId ?-l, is tlm

tail of j), tlIat  is, what is left of ]) aftm sl) ald 11, am mlnowd. ‘J’lm functicnl  ~~.~ giws an

asscsslrm]tl of tfhc quality of a st atc of tlw assmrl  )Iy ]mcwss. 1 k!tt(!l’ (C.p,., IIlor’c  St a})](’) states

concs]mnd  to slnallcl  v a l u e s  o f  C;iq. ‘J’lIc functiml  Cl, giws al] asscssl[lm]t  o f  the qualitj’

of a task  ill the assclnl)ly  IHwcss. IWtm ((!. g., ICSS CO]I]])l(!X  or ICSS iimc  cmsu~[lillg)  t a sks

COI’I’CS]K)l  I(l to Slnallo’  Wiluw  of (/”f.

AI] additional advallt agc of t 1](! direct d .qm])ll ](:])~cs(’lltatioll  of assmnl )Iy sqwIIccs

IIut, tllc asscm})]y  ]Ja)lnillg  is lwually  ~rjolc!  cflicic~d  .goillg l)ackwa~ds, flolrl  the p,oal  s t a t e  to

tllw  initial  stat(:,  Imausc it avoids dead-md states.

3.3 l’rodudion  rulm

‘J’lm ])mluction  r~llcs that  arc intro(luccd  irl th is  sulmwt iml coltt,aill  tlw colldit iol]s for tllc

cxwutlioll of all assclnl)ly  task and tll(! cl]an?,cs  that occur  ill tlIc!  state of tllc tress stmctur(!

w])(!)) that  task  is cxwutd. 111 the olmat iol) of t II(: ])la]]lli]lg  systmt], WIICIICWI a ])roduction

Iwlc i s  a])])lid,  t h e  global  datalmse  rrmst  lN u]xlatcd  t o  wflcd  tlIc cl IaIIp,cs ill  tlIc s t a t e  o f

t!ll(! tr’llss Str’\l(:tlll’c.

A  ])mdwtiml  rlllc! lras t\vo IMI(s:  ])~(coll(litic)l)  al)(l eflt:ct.  ‘J’IIc: ])wxnldit,ioll  s]xrifics  tlm

s i t u a t i o n s  ill wllic]]  th(! rule CMT] IW a])])lid.  ‘J III{! efl~:ct dcscrilws  tllc  c]ta]]gcs that  occuI  ill

tllrc gldml datalmc whcm tl]c! mlc  is [i])])licd.

‘J’l]c silrl]dwt  way t o  i~ltwducc  tllc  ])mluctim]  IUICS i s  l)y aII cxaIII])l(\.  U’i[:.  16 SIIOWS

OIK ])rdmtioll  mlc. lt cow!s]mds  t o  tllc  asscIIIl)ly  t a s k  tl]at  fi~lis}lcs  u]) OIK! octa}IcdmII,

st,altin?, wi(l)  O]W o f  its ]mltrallcdral IIalws  alwady assmIIl)ld. ‘J’llis  ])mlmtiwl  mlc i s

15



● 1 ‘recmditicm:

1. Cdl (i, j) cumntly  mntai]]s a

2. Gml is OIIC octaldm] ill cdl

lw.lAahdloll  l’k.

(i, j).

3. All calls (x, y) for wllic]] I,(z, ?/, i, j, /:) > (), WIIOC

l,(x, ?/, i)j, k) ‘ -  cosa.  x-l silto.?j-l ~.cosa- j.sil]a,

al’(! (’1 11] )ty

‘J’aldc 1. l~i,g.  17 shows a state t]]at  satisfies tlIc ])l:(~c~)]](litjioll  of tltis ])mlllctio]l  mlc.

associated with  the case ill wllic]] o]Ily tlw IMISC of tlIc Wlissi]lg” ]x’]]talwdm]l  is in ])lacc.

‘J’lmcfmc, tlw  assmnl)ly  task  will i]dmlc tlIc asscIIIld-y  of tl]c! fout  st Iuts fmrl the base to

tllc a]m node.

I f  tlIc IK91talIdm  Il alwady [isscIIIIJld  is 1’/;, tl)e ]mltalmlm) that wil l  coIII])lctc  tlIc:

octahdm] is 1 ‘k’, wlmc k’ : ICI II((i -1 k, 12). Si]m k CaII IM: aIIy of tlIc six clcl IIc IIts of

{2, 4,6,8,10,1 2}, l’ig. 16 call l)C vimd as dmcril)ing  six ])roductio]] IUICS.

‘J’l~c!  first two ])]rcc)l](litio]ls si]n])hy wrify t}]atl t}w g,oal is all octa}]drol]  ill a cdl (1, j)

16
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(i -1

8 -1

1() 1

]2 ]

l)(k)

-3

-3

0

3

3

0

tlw “lnissill.g”  ]m~tahcdmll  is ill ])lacc.

1~’ig. 17 slmws  [i st atc tl]at  satisfies t lw ]nwxmdit ion of t }IC ~)ductioll  rule s}]owl ill

I’Tip,. 1 (i for wll  (7, 5) al]d k = 10. ‘1’l)c lilw I,(x,  y, 7, d,t 10) : 0 is also shm\TII.

‘~llIC  Cfl’kct  of this ])mductiol]  ] ~llc is t,l~c ilIstallatim~  of ]m]ltalldml  l’k’ ill ccl]  (i, j).

1  Jcfow tl)is call I)c! cxccut,d  it lnay I)c IIcwssalj;  to 1,111]) tl)c! truss  stluctllw  and to lrlow

tllc camia?,c  a]]d th 1 )asc of th(! wlmt, arm. ‘1’llis  adjust]nmt,  dc]xvds  0]1 tllc  ]msition of cdl

(i, .?). ‘J’IIc actlla]  il)stallat  ion of struts follows a ])wcolll])ilwl  sw]ucncc  of sul)tlasks  cacll of

wlticll is tllc!  addit,iwl of OIW stint. ‘J)tlis  ])wcolll])ilc(l  Scqlmm.,  wllicl]  il}c.ludc’s  tl)c llmt,io]ls

of tllc Yolmt alln, is il)de]wlldcllt,  of tl)c ])ositiol]  of tltc cell  (i, j).

1“01 w]] (7, 5) and  k ~ 1() i]) l“ip,. 17, t lie dkt of tlw ])mluct  io]]  mlc s} ImvII ill l“ig.  1 (i

is tl)c ad(liticn] of a ])cllt:il](’(lror]  1’4 sirw k’ : I’(’l II((i -1 k, 12) ~ 4. ‘J’hcl’cfol”(!,  IIK! assonl)ly

t:Isk  irlclmlcs  IIIC assc]rll)ly  of l-lr(! four slmts irtci(lcrltj  to rlodc 4.

‘J’llc ]mductjim]  lu1(!  SIIOWII  ill 1~’ig. 16 is (Isd ~vllcrl tllc gcr]matioll  of assclril)ly  scqucllccs

?,ocs ill fmwad fasl]ion.  It, is straig,])t  forward to writ[!  a cc)lIcsl)c)l~(lil]g  ])mdmtliml  rule for

gclwratillg  ass(!lnl~l-y  scq~lm]cws  irl lmckward fasllioll,  o] disassc~nl)]y sc(lllc~]ccs.

1{’01  cacll  lmssiblc  gcolrlctric coljfigulat,ioll  t,})at a cdl call take, tllcw is a ])dmtion  rule
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‘1’l]c  a])])NMIcII dcscrilj(:cl i]] this scct,iol] i s  adcqllatc  for ])lalll]ili~  tll(! :Isscllll.)ly  o f  a  tl(lss

St,l’llct,lll’(!. It m a y  a l s o  lW IISU1 to ]jlaII t,lI(! disaw~]nl.j]y of tl](! IVIIOIC S[,IIICtUIC. II] cithm

CIISC, t]l~ ])lal}illg  stlat(!gycall  t:il{(:[ ](l~~a]tt:lp,(:  ofil](: fact  t]tat, tlIC ]Il]rrtl)(,r of t,asksi~l all t,}lc

altcn]:itivc assunl)ly  squcIIccs is tlIc  saln(!, sillm

tll(! tI’llss  St,l’llct,llm.

I II tllc case of m~miI, lIOWCJCI,  t,l)ew is  110 II(!W1

tl]crc ]nust Iw OIIC t a s k  for Cac}l  st,I~lt, irl

to mnmwal] stjrlltjs.  When ]Jlanl]illgt}lc:
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l’C!])]aCCIM!llt  Of a Shllt,,  t]l(! a])])  I’oaC]I d(!SC1’ibC!d  iJl t]l(!  ~)l(!ViOUS  SUbSCCtiOllS  lIlllSt  ])(! Hldifid

to also miIIiInizc  th(! IIUIIIk:r  of struts ronm’cd,  that is, h ]nillimim  t,hc nu~nl.w of  tasks .

‘J’l  I is call bc! nccoml)]is}I(!d  ])y  IISi I IF, t,]Ic  ])rodllct  iwl I’II]CS  ill a  dif[timlt,  way.  ]nstc.ad  of ~lsil)g

the ]Jmductio]l  rules h test wl]c!tl]c!r  or ]Iott t}w additim]  of a u]lit is fcasilk,  tlwy arc used

to fi]d t IIc IR]gcst s~ll)stlllctlllc!  to wllicll a u]lit that co]]taills  t hc target, strut ]I]ay Iw added.

l~ir,. 17 slmws t,hc! largest stmctuw  to which a ]m]tahdwl  1‘4 call }w addd  to  ccl]

(7, 5). ‘ll]is sIIl,stI,Ict,IIIe  ca]] Iw dctmnimd Iry fildil]r, out }vl,icll  cells II]mt lw cln]~ty  if tl]c

]mmldit,iol~  of tile ])mductioll  ][]Jc sl)oivlt  ill l~ig 1 (i is to I)(! sat isfid.

‘J’l~c N:])lac(:IIwIIt  of 0110  of t IIC four shuts fmln tlw lMSC to t}m a])(!x of ]w]ltahdro 1 ‘4

ill ccl] ( 7 ,  5) call 1x! accom])lishcd  ly first, r(!lllovillg tl)c  strllts ill tlw ul]its tmt s}tmw]  in

1<’ig. 17. OIICC I, IIOSC st,mts  arc! I(YnovC(l,  it, is ]x)ssil)lc  to dis:issmr)ldc  tllc ]wlltalltdro 1’4 irl

ccl] (7, 5). At tl)is ]mint tl)c! IIW st int,  is  rq)lawd  aTI(l  tl)(:  wIIOI(:  str(lctllr(:  Cal I 1)(: ass(’lr)l)l(:d

l)y fol]owil)g  11)(:  r(!~mw  of t  1)(! disassclll}Jly  scqtlc]ice.

Sillcc  tl)c sal]]c st,r(lt call I)c ]M1 t, of u]) to s ix  Illlits,  tllc I)lal]l)illg  of lclmir  scqucllcws

IIlwst collsidcr  u]) to six lar~,cstl slllmt rlwturm. l~IItlI(:lIrIc)Ic,  all tlw ]moductioll mlc!s tl~at

call bc used to collt])lctjc  cacli ty]w of unit  lrlllst  I)c col)sidel  cd. III tlw case of rc]mir, tl]c

])lalll]iJl~,  syst,clt)  IJ)ust,  col)sidel  al] alt[rllati\w all(l sdcc,t, t}lc  (Ncrall l)csL.

3.5 1 ‘l’otc)ijypc!  Systlcm

g o o d  cost ful]ct,iol)s,  ‘J’ASI’  is illtclact  i]’(!,  Mm a ]Mckt  rackillr,  collt  m] SC} N!]HC,  aIId o]wat (!s

ill fmvard fas})ioll].

‘1’”l]c ill]mt to ‘JASII is a dcscli]dioll  of tllc dosild  sllllctuw. III addition) tl)c first ul)it

to lm a.wcIIIl)lwl  IIllIStj  also 1)( !  [;i\rcI1. At cadl st(]),  n IIICIIII  corltai]]i]]g  all  tlIc slll)llllits  tl]at

ass(’llll)ly  ]) I”[)C(!SS. ‘ J  ‘]I(! a]t(!l  Italivcw  ill t II(! lIK!IIU ar(! raIIkw]  acm di]]p,  10 ‘1’ASI “ s  ])mf(!Io~u!

‘As ~jwlltiolld iII sulmrtioll 3.2, lmtl I l.)acktlacki  I\y, a])(l F,IH))lI SC: IICII COIIIIOI lcg:illws C: III })c iIII])l cIIIrIItc(l.

]IhI (} ICI II IOIC,  t]Ic COIIS1 I llct ion of t ])(! aswIII])]y  SK] IIUICC G+II  ]) IOCCC(]  ill I):ickiva]d or foI Ii’a]d fas]liml,  ‘1’]Ic
cl]oicc of t}l[: Inost  a])])lo])liate  col ItIol l[,~,illlc  !\, ill cic])clI(l oII tlIc ]liilti  Clll~l a]]]]]i(ati{,ll,  as \vill t]lc sc](.ctic)ll
c)f t }IC dilcclic)ll  ill \\,llich t IIC  sNluc JIcc is gcltcl std.

“1’lw cost fllllctioll  tl)at is used is a fulwlioll  of tllc t]aldatio~l of tlIc carlia~,c,  tlIc tla~lslatiol]  of t]Ic base
aIId the Iotatim] of tlIe strudlllc. ‘1’]Ic shoIt cl t}IOSe lnot imls, the lc)wcJ t hc cost  flll)ct ion. ‘J]IC task fol IV]ijc]l

] g



associated wit h Lhc ])at 1]s to illst,al]  t lIC st rtlt,s of its co]lcs])())~clill~,  sul)unit,. ‘1 ‘Il(!l’cfol’(!, t!hc

outl)lltf of lhc! IJlal]]tillg  systcln  il]cludrs,  for cac}I strut,  tl]c ]msitio]]s  of t,}Ic car]ia~,(!  a]ld I,IIc

1)2s(! of tll(! 1’01.)()(, the angl(!  of tll(! t!l’llss Stl’llctllr(! ,  aII(l  tllc  s])mific mIII IIlotiolls  to 1)(! USC(I.
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acco ImJisl Id wit}] i]mx]msive Colnlmtatim]. ‘1’lw ~Jmludioll ml(!s cmm~m]ld  to the lms-

sib]c: gwl])d,ric  Configuratio]ls. ‘J’y])ical]y  a slnall ]nl]rll)(!r  of mk!s cmw all ]mssil)ilitim. For

tctrahdral  truss  stmctum  thm arc cmly 1‘2 mlcs 3 . ‘J’hc sa]n(: l)m(lwtio]l IUICS, mn])loyc(l

in a (Iiflou]t  way, can lw the l)asis for ]Ja]]lli]lg,  m]mi~ squoms  wliidl m(]uilc!  the I)alLial

(Iisassonl)]y.

1 ly millg  a himawhical  l-c] nwmlt  atiml, tllc size! of the scald] s]mcc caTl Iw significantly

dud. 111 tlIc case of t mss stmdum, thcw arc difl’{mlt ways  to cluster  tlIc ])ar(s illlo

sul)asscmljlics l)utl  lmnc is naturally  ])r(:fmil.)lc  t,l IaII tlK: otlws. ‘1’lIe  lc:])l(s(!lltatioll  of tctra-

lmlral truss stmct um illt dud  i]] this ]m]w~ ca])tur(!s t IIc!ir lrmlti])lc IIi(:]aml]ics. ‘J’l Ic

loss of unt]))ldmcss  t}Iat usually alism wil]l tlIc usc of IIimamllical  lc])l(:sc]ltaliolls  is ]]ot

a IHWIJICIII in this case. 1 ly usillp, a l~llllt,il)icl:]lcllic:ll  l(:])lcs(:~lt:itfioll, tl]c clmicc  lmtwcml

IIimawllim can lx! made  as the ])lalI is g,clmatcd,  thus alkm’i~lg  a lx:ttcr  sclcctiol]  tllall if

Ih(! c]micc!  vmc lnadc ill adw)lw.

‘ JI
O deal with dcvim i]l wllicll  oIlly a sulmss(wl)]y  is lIIa(le of i(lm]tical  ]mlts i]lt(wo]l-

II(Ktd  iIl 2 regular  way, this  a])])macll  call IK: (t)lr)l)il)wl  wit]] t}w ot}w cxistillp,  a])]moaclm

to assm)l)ly  ])lanllin,g,.

‘Jl]c 11s(! of a Jmtoty])e systcl]~,  ~vhicl] is illtmactilw,  is ])mviding  fulthc!r il)sig,ld,  il)to the

])md~lctioll  IIIICS  slid il)io tl]c kc-y a.ywcts tl]at  a  cost, function  ]nust caI)tum.  l“utum v.wk

will focus 01) cost fllllctiolls  ald t}lcir cO1~{!sI)ollclillg,”  IImristic  mmluatiolls.

lhtllm work slmuld also Cx])lom tll(! collll)illatioll  of tlw a])])mach dcscrild ill this ])a]m

wit]]  lnacllillc lca~]lilig twliniqum. l~(n a])]) licatio]s  iIl Ivllicll  tlw cost,  function  is fixed, and

tllc! collfigllmtioll  of t hc st mctulc is always Il]c sa]r)(!  (e.g., it is always IIcxagollal), tlmc

lnay 1.x: direct cllumclatiol)  schmms  wllicll  wmlld avoid t})c IKKX1 for scald] t(d]I]iqu(x.

[1]

[?]

[3]

3,As IIc)ill(d out, ill slllmctio]l  3.3, lwcalwc  of sylllltmtly,  udI j)]odlldio]l  r Nlc  actually ccmls  cillm 3 or
(i lmsihilitics. ‘1’IIC 12 lulcs cmw 54 lmsil)ilitics, still a s]Imll IIiITIIIICI
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